The first examples of samarium, europium, and ytterbium complexes with 3,6-di-tert-butyl-o-benzoquinone (3,6-dbbq) 
Introduction
Lanthanide-based single-molecule magnets (SMMs) currently attract considerable attention owing to the large spin values and high magnetic anisotropy of lanthanide ions. [1] [2] [3] At the same time, lanthanide complexes with stable radical ligands, such as nitroxides, exhibit weak magnetic exchange coupling between metal and ligand spin carriers because of the deep lying f-orbitals. [4] [5] [6] Recently, two groups of dinuclear lanthanide complexes were reported, nitrogen bridged [{(Me 3 Si) 2 (N) 2 (thf )-Ln} 2 (μ-N 2 )] − (Ln = Gd, Tb, Dy, Ho, Er; thf = tetrahydrofuran), 7, 8 and bipyrimidyl-bridged Cp 2 *Ln ð Þ 2 μ-bpym ð Þ Â Ã þ (Ln = Gd, Tb, Dy; Cp* = pentamethylcyclopentadyenyl; bpym = 2,2′-bipyrimidyl), 9 of which those with Gd, Tb and Dy ions demonstrate remarkably high exchange coupling constants and blocking temperature values. In these compounds the radical ligands possess a strongly reducing behaviour. Calculations made for the related complexes showed that the magnetic coupling between the Ln centre and the paramagnetic ligand is likely to be more substantial in the case where both the lanthanide ion and the radical ligand have close redox potentials (i.e. Ln 3+/2+ and L •−/0 ). 3 This conclusion is also supported by the case of substantial electronic and magnetic interactions between metal and ligand centres in heterospin complexes Cp x 2 YbL (Cp x = substituted cyclopentadienide), where L is 2,2′-bipyridine, 1,10-phenanthroline, 2,2′:6′,2″-terpyridine or other pyridine-based ligands, 10, 11 in which the interaction depends on the correlation of electronegativities of the ytterbocene fragment and the ligand. In the context of the synthesis and investigation of new lanthanide complexes with possibly high exchange constants between a lanthanide ion and a ligand, the lanthanide complexes with o-benzoquinone-based (bq) ligands are promising. Indeed, the o-quinone based ligands can exist in three charged states (quinone, semiquinone (sq, 1−), and catecholate (cat, 2−)), so the redox transitions can vary in a wide range. 12, 13 Besides, the ligands can be functionalized in a number of ways, including conversion to iminoquinones, 14 thus providing variable donor and steric behaviours and a possibility to tune metal-ligand interactions. Despite this prominent ligand diversity, only a limited number of quinonebased Ln(III) complexes have been described and magnetically studied until now. [4] [5] [6] 15, 16 A few complexes of Ln(II) with sq and cat ligands are known; to the best of our knowledge, the only examples are homoleptic [Ln(dbcat)] (Ln = Sm, Eu) and heteroleptic [EuLi 4 (dbsq) 2 (dbcat) 2 (LiI) 2 (thf ) 6 ] complexes obtained by Bochkarev and co-workers in the reaction of EuI 2 or Ln(N(SiMe 3 ) 2 with 3,5-di-tert-butyl-o-benzoquinone (3,5-dbbq) . 17 Lately, a ligand containing 3,6-di-tert-butyl-o-benzoquinone (3,6-dbbq) coupled with tetrathiafulvalene was employed for syntheses of bridged dimeric Ln complexes (Ln = Dy, Er, Yb); in the case of dysprosium, each Dy 3+ ion was seen to behave as an independent single-ion magnet. 18, 19 The possibility of tuning the redox properties of a ligand by changing its substituents or by using iminoquinone derivatives 14 can be used to enhance the magnetic interactions between the Ln ion and the ligand in its radical-ion form. Substituted cyclopentadienyl (Cp ) and indenyl (Ind) complexes of lanthanides(II) have been widely used for syntheses of complexes with radical ligands. [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] In some cases, not only the Ln cation, but also Cp x and Ind ligands take part in the reduction process, and their role as a reducing agent is sufficiently induced by their bulkiness, in addition to the redox potential of the metal centre. We were interested in finding new ways of producing the quinone complexes of lanthanides, for which easily accessible Cp x complexes can be good starting compounds, while using the 3,6-dbbq-based ligands could provide necessary solubility of the complexes and sterical protection owing to bulky butyl groups.
Results and discussion

Synthesis and crystal structures
Cyclopentadienide complexes of lanthanides of either the LnCp x 2 or LnCp x 3 stoichiometry are well known starting materials, introduced largely by the work of Evans and coworkers. 27, 30, 31 For o-benzoquinones, which possess a noticeable oxidative behaviour, the lanthanide complexes with Cp* ligands could serve as appropriate reducing counterparts owing to the reduced Ln(II) centre, as well as the Cp* ligand itself, which is readily oxidized to a neutral species, followed by dimerization. 32 The reactions of lanthanocenes(II) LnCp 2 * thf ð Þ n Â Ã (Ln = Sm, n = 2; Ln = Yb, n = 1) with 3,6-dbbq were carried out in hexane solutions starting from deep-frozen mixtures. Upon warming to room temperature, the lanthanocene readily dissolves to give a green (Sm) or sky-blue (Yb) solution; upon successive dissolution of the quinone the reaction slowly proceeds to result in a yellow (Sm) or light-brown (Yb) clear solution and crystalline precipitate of the corresponding compound. The products [(SmCp*) 2 (dbcat) 2 ] and [(YbCp*) 2 (dbcat) 2 ] (1 and 2, correspondingly, Scheme 1) are well soluble in hexane and were crystallized from small volumes of this solvent; a byproduct, Cp 2 *, is retained in the solution.
Crystal structures were determined for both complexes 1 and 2, which possess close molecular structures and isostructural crystal lattices (Fig. 1) longer distance (by ca. 0.09 Å for Sm, 0.04 Å for Yb; see all distances in the captions to Fig. 1 ). It is noteworthy that the carbon atom C1 next to the µ-O atom is also located within a bonding distance to the Ln atom and the angles Ln-O1-C1 are slightly less than 90°. The mean-squared plane of the conjugated quinone ligand is nearly perpendicular to the plane formed by the Ln′, C1, and O1 atoms (84.4°for Sm, 82.1°for Yb), as well as to the flat Ln 2 O 2 ring (84.8°for Sm, 89.5°for Yb). Out of more than a hundred structurally characterized complexes of transition metals (and several of lanthanides) with the 3,6-dbbq-based ligand, no analogous chelate-bridging mode has been documented to date (based on data from Cambridge Structural Database (CSD) 33 ). The characteristic lengths of C-O and C-C bonds suggest that the quinone ligand acquires the catecholate (2−) state. 17, 34, 35 The IR spectra of 1 and 2 are nearly identical, in accordance with the same coordination environment of the complexes (Fig. S1 , ESI †). Consequently, both Ln ions in 1 and 2 are in the 3+ oxidation state, which is consistent with the rather light colour of the compounds. To obtain this composition, the 2e reduction of the neutral quinone requires 1e from the Ln ion and 1e from the Cp* − ligand, which corresponds to the 1 : 1 ratio of the reagents:
The participation of the Cp* and related indenyl ligands in reduction processes of Ln complexes is well documented in cases of "sterically induced reduction" (SIR), that were described for the complexes with a sterically encumbered coordination sphere of a Ln ion. 27 The reaction of the europocene [Eu(Cp*) 2 (thf )] with 3,6-dbbq (Scheme 2) was carried out identically with Sm and Yb analogues, however, the colour of the resulting solution turned out to be much darker. The product [(EuCp*)(Eu·thf ) 2 (dbcat) 3 ] (3) is quite soluble in hexane, thus the yield of crystals was somewhat lower.
The crystal structure of 3 reveals a trinuclear complex ( 
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This journal is © The Royal Society of Chemistry 2016 , which correspond to Eu-O bond distances and the darker colour, and are well reflected by magnetic properties of the complex (vide infra). The oxidation of Eu in the course of the reactions does not proceed to the full extent; instead, the Cp* ligands from two thirds of the starting europocene(II) are oxidized and lost. Again, the reagent stoichiometry is 1 : 1 as follows:
The presence of unoxidized Eu 2+ in the complex can be explained by its significantly lower reduction potential as compared to Sm and Yb low-valent metallocenes. 27 It is noteworthy that in case the latter reaction is carried out in hexane, as in the case of compounds 1 and 2, small amounts of a pale-grey microcrystalline precipitate remain insoluble after recrystallization of the product 3. Changing the solvent from hexane to toluene results in a much cleaner reaction and the pale-grey by-product is formed in vanishingly small amounts. The IR spectrum of this by-product shows a very similar pattern to that of magnesium catecholate 4 (see below) and, according to elemental analysis, its composition is close to the formula [Eu(dbcat)(thf )] n (attempts to grow crystals suitable for X-ray structural analysis were unsuccessful; see the ESI † for further details). Presumably, the latter complex can be formed in the reaction of europocene and dbbq if only the Cp* − ligands take part in the reduction and Eu remains in the 2+ state. Considering different reaction behaviours of lanthanocenes, it is not fully clear, which factors govern the partial or total loss of Cp* ligands from the Ln atoms, as well as Ln 2+ → Ln 3+ redox processes. Presumably, both the redox potentials of corresponding lanthanocenes and the steric bulkiness of the Cp* ligand in the coordination sphere of a given Ln ion have an influence. To make the reduction properties of the Cp* − anions more evident, one must exclude the possibility of a metal cation reducing the quinone. This can be achieved by involving in the reaction an analogous complex with a redoxinnocent metal cation (2+), for which the alkaline-earth elements are a good choice. In the reaction of magnesocene MgCp 2 * ½ with dbbq (1 : 1) in thf carried out analogously to those of lanthanocenes, the solution appeared blue-green after mixing of the reagents and retained the same colour for several hours indicating the initial formation of semiquinone complexes. Considering that only Cp* − can act as a reductant, these complexes are supposedly [MgCp*(dbsq)(thf ) n ] species. After prolonged stirring the solution turned yellow and finally the already known complex [(Mg(thf ) 2 ) 2 (dbcat) 2 ] (4) was isolated. This compound was initially obtained by Piskunov and co-workers in the reaction of amalgamated Mg with a quinone in THF. 37 Substantial delay in the second step of the reduction process observed during the preparation of 4 is similar to that of the reactions with the lanthanocenes, and may be caused by the slow electron transfer between the Cp* − anion and the dbsq ligand in the same complex. However, to resolve whether this reductive action of Cp* − depends on the steric crowding in the Mg coordination sphere would require additional studies.
A dinuclear molecule of complex 4 ( Fig. 3 ) resembles those of complexes 1 and 2 with regard to the coordination mode of the quinone ligand. The molecule is located in a common position of the crystal structure, so the bond lengths in both halves are not equal, but differ by no more than 0.01 Å (see the distances in the caption to Fig. 3 ). Unlike compounds 1 and 2, the Mg atoms are not bearing Cp* ligands, so the quinone 38 ). To corroborate this, experiments with larger alkaline-earth metals (Ca, Sr, Ba) will be useful, which could be considered for further work.
Magnetic properties
Magnetic properties of paramagnetic species 1-3 were investigated in the solid state. The effective magnetic moment (µ eff ) of the Sm complex 1 is 2.17µ B at room temperature (RT). Upon lowering the temperatures µ eff decreases gradually reaching a value of 0.48µ B at 2.6 K (Fig. 4) . The typical values for the RT magnetic moment of mononuclear Sm(III) complexes are in the range µ eff (Sm III ) = 1.29-1.89µ B . 24 Thus, for a system with two non-coupled or weakly coupled Sm(III) centers, one expects to obtain µ eff = 2 1/2 µ eff (Sm III ) = 1.82-2.67µ B . The experimentally observed value for 1 falls in the expected range, thus supporting the assignment of oxidation states based on crystallographic data (vide supra). Low-temperature variable-field measurements do not reveal saturation of magnetization at T = 2 K and magnetic fields up to 5 T (ESI †). The magnetic moment of Yb complex 2 measured at RT is 5.48µ B . Upon lowering the temperature, the moment decreases gradually to a value of 4.69µ B at 40 K followed by an abrupt decrease to 0.74µ B recorded at 2 K (Fig. 4) . The latter points to antiferromagnetic interactions present in the solid 2. A mononuclear Yb(III) complex is expected to have a RT moment in the range 4.3-4.9µ B . [39] [40] [41] Thus, for a dinuclear complex we expect to obtain µ eff = 2 1/2 µ eff (Yb III ) = 6.1-6.9µ B . The experimental value is slightly lower than the predicted one. This is likely due to some diamagnetic or weakly paramagnetic impurities present in the solid 2. Alternatively, a quantum admixture of Yb(II) and Yb(III) states cannot be fully excluded. 10, 11, 20 No saturation of magnetization was observed within 0-5 T at 2 K (ESI †). Magnetic susceptibility measurements performed on a trinuclear Eu complex 3 reveal a RT magnetic moment of 10.98μ B . This moment is nearly constant in the temperature range 30-300 K (Fig. 4) . Upon cooling below 30 K the magnetic moment increases gradually reaching a value of 13.21μ B at 2 K. This behaviour points to the presence of weak ferromagnetic interactions in the solid 3. However, the ferromagnetic behaviour can be suppressed at high magnetic fields (H = 5 T, see the ESI †). Taking into account the common RT magnetic moments for mononuclear complexes of Eu(II) (7.6-8.0μ B ) and Eu(III) (3.7-4.2μ B ), 42 the moment for 3 is calculated as (2μ eff 2 (Eu II ) + μ eff 2 (Eu III )) 1/2 = 11.4-12.1μ B . The experimentally observed value (10.98μ B ) is slightly lower than that predicted. This is likely due to the presence of a small amount of diamagnetic or weakly paramagnetic impurities in the highly oxygensensitive sample 3. Thus, the magnetic data confirm the presence of one Eu(III) and two Eu(II) ions in 3. Note that a much higher RT magnetic moment (13.3-14.0μ B ) would be expected for an uncoupled system with three Eu(II) ions and a ligandradical. At very low temperatures magnetization saturates showing a plateau at 11-12N a μ B in the variable-field series (ESI †). Due to the detected ferromagnetic interactions, 3 might exhibit SMM properties, which was investigated by ac susceptibility measurements. Unfortunately, no ac signal was observed, which precludes slow magnetic relaxation and thus SMM behaviour. This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
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Cyclic voltammetry
It is well known that partial oxidation of catecholate ligands in the coordination sphere would potentially give complexes with radical anionic ligands, which should alter the magnetic interactions and can provide additional functionality to the complex. 4, 5 Moreover, two Eu 2+ centres in complex 3 should be liable to oxidation; the approaches to oxidize the Ln centres in the paramagnetic complexes are well described for ytterbocene derivatives. 10, 11, 21 It should be noted that the electrochemistry of 3,5-dbbq and its complexes with transition metals has been well studied, [43] [44] [45] [46] [47] while for 3,6-dbbq only several complexes of main group elements are characterized. 48 To study the redox behaviour, CV measurements of all complexes were performed. The lanthanide complexes 1-3 behave similarly at scan rates of 0.1-2.0 V s −1 and reveal two reversible oxidation waves in the positive region ( Fig. 5 and Table 1 ). For highly related 3,5-dbbq complexes, including the quinone itself, most of the oxidation processes associated with cat to sq transitions proceed in the range from ca. −1.7 to −1.0 V, while those corresponding to sq to cat transitions proceed from ca. −1.0 to −0. 53 These irreversible oxidation and reduction peaks are absent in the case of 4, and, rather unexpectedly, in the case of 3; the latter fact cannot be ascribed to the insufficient concentration of Cp* ligands, since the concentration of complexes was maintained at the same level. Potentially, the reaction with the remaining water could lead to the partial removal of Cp* ligands owing to hydrolysis, but the preservation of the initial colour of the solutions during the CV experiments, and careful preparation of the solvent and solutions (similarly to the other complexes) does not support this supposition. More uncommonly, the Eu curves do not contain any waves attributable to the Eu 2+ /Eu 3+ transition; presumably, this wave is outside of the measurement window (−2.6 to +1.4 V vs. Fc + /Fc).
It is evident that the full explanation of the redox processes in the Ln-catecholate systems requires more systematical study. 43, 51 Chemical oxidation (e.g. with AgI or FcPF 6 ) may be useful to obtain similar complexes with semiquinolate radicals; in the case of the compounds with Cp* ligands it may lead to the oxidation and substitution of the latter, before the oxidation of the dbcat ligands, which can serve as a method for introducing other ligands in the Ln coordination sphere. 
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Experimental
General remarks
All operations were carried out in evacuated vessels or ampules, the compounds were handled in an argon glove-box. The starting reagents, dbbq, 54 LnCp 2 * thf ð Þ n Â Ã , 30, 55 and MgCp 2 * 56,57 were prepared according to known methods. Solvents were distilled under inert atmospheres over common drying agents, stored with the addition of a Na-K alloy prior to use, and transferred under vacuum. The IR spectra were recorded in KBr pellets by using a FT-801 Fourier spectrometer (Simex). Elemental analysis for C, H was carried out by using an Euro EA 3000 analyzer (Eurovector). NMR spectra were recorded on an Avance 500 spectrometer (Bruker) and referenced to the solvent signals.
Syntheses of the compounds [(SmCp*) 2 (dbcat) 2 ] (1) and
Synthesis was carried out in a 2-section ampoule, bent at a 90°a ngle. In one section the solid reagents, Cp 2 *Sm thf ð Þ 2 Â Ã (0.340 g, 0.602 mmol) or Cp 2 *Yb thf ð Þ ½ (0.310 g, 0.601 mmol) and 3,6-di-t-butyl-o-benzoquinone (0.132 g, 0.600 mmol) were placed. Under cooling with liquid N 2 20 ml of hexane were condensed into the same section, and the ampoule was flamesealed. The mixture was warmed with mixing to room temperature, then stirred at 60°C for 10 h. After settling of the precipitate, the solution was decanted into the second section. Then the second section was positioned vertically and heated to ca. 10°C above room temperature. Driven by the temperature gradient, slow extraction of the hexane soluble mixture components occurred, and the crystals (yellow for Sm, blue-green for Yb, suitable for XRD) slowly grew. Yields: 1, 0.233 g (77%); 2, 0.260 (82% Solid reagents, Cp 2 *Eu thf ð Þ ½ (0.130 g, 0.262 mmol), 3,6-dit-butyl-o-benzoquinone (0.057 g, 0.26 mmol) were placed in a Schlenk tube with a Teflon stopper, and 10 ml of toluene were condensed under cooling with liquid N 2 . The mixture turned intense-blue upon warming, then vinous-red after stirring at room temperature for 1 h. The mixture was stirred overnight and then evaporated to dryness. The solids were washed with pentane to remove Cp 2 * and extracted with pentane in a bent ampoule analogously to the procedure described above. Red crystals were separated by decantation and were suitable for XRD. Yield 0.075 g (63% 
X-ray crystallography
Single-crystal X-ray diffraction data of 1-4 were collected on a Bruker-Nonius X8 Apex CCD diffractometer at 150(2) K using graphite monochromatized Mo Kα radiation (λ = 0.71073 Å). The standard technique was used (combined φ and ω scans of narrow frames). Data reduction and multi-scan absorption were carried out using SADABS. [58] [59] [60] The structures were solved by direct methods and refined by full-matrix least-squares on F 2 using the SHELXTL software package. [58] [59] [60] All non-hydrogen atoms were refined anisotropically. Hydrogen atoms of organic ligands were located geometrically and refined as riding on their parent atoms. Crystallographic data and selected refinement details are given in Table 2 . Crystallographic data have been deposited at the Cambridge Crystallographic Data Centre under the reference numbers CCDC 1409389-1409392 for 1-4, respectively.
Magnetic measurements
Magnetic susceptibility data on solid samples were collected using a Quantum Design MPMS-XL SQUID magnetometer. The data were obtained for microcrystalline samples restrained within a polycarbonate gel capsule and corrected for underlying diamagnetism.
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Conclusions
We have found that lanthanocenes(II) LnCp 2 * thf ð Þ n Â Ã can serve as convenient precursors to the corresponding Ln(III) catecholate complexes. In their reactions with the o-quinone 3,6-dbbq, the initial reduction to the semiquinone complexes occurs fast, along with the oxidation of Ln(II) to Ln(III) for Ln = Sm and Yb, while the elimination of the Cp* ligand and formation of the catecholate complexes require longer times and can be dependent on steric crowding at the lanthanide centre. The reduction potential of the Ln ion plays an important role. Thus, in the reaction of europocene(II) the Cp* ligands are oxidized and lost before complete oxidation of the Eu centre, leading to the formation of a trinuclear mixed-valent complex containing one Eu(III) and two Eu(II) ions. The involvement of MgCp 2 * as a metallocene with a redox-silent metal into the reaction with 3,6-dbbq also shows successive two-step reduction processes, with the intermediate formation of semiquinolate species. It was shown earlier that substituted ytterbocenes display various reactivities with respect to the redoxactive diazabutadiene ligands. 29 Our results suggest that the use of lanthanocenes with a lower reduction potential (as for Eu vs. Yb) can extend this rich chemistry onto redox-active ligands with higher oxidation potentials, such as o-quinones. 
